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Few trigeminal sensory fibers project centrally beyond the trigeminal sensory complex,
with only projections of fibers carried in its sensory anterior ethmoidal (AEN) and intraoral
nerves described. Fibers of the AEN project into the brainstem reticular formation where
immunoreactivity against substance P and CGRP are found. We investigated whether
the source of these peptides could be from trigeminal ganglion neurons by performing
unilateral rhizotomies of the trigeminal root and looking for absence of label. After an
8–14 days survival, substance P immunoreactivity in the trigeminal sensory complex
was diminished, but we could not conclude that the sole source of this peptide in
the lateral parabrachial area and lateral reticular formation arises from primary afferent
fibers. Immunoreactivity to CGRP after rhizotomy however was greatly diminished
in the trigeminal sensory complex, confirming the observations of others. Moreover,
CGRP immunoreactivity was nearly eliminated in fibers in the lateral parabrachial area,
the caudal ventrolateral medulla, both the peri-ambiguus and ventral parts of the
rostral ventrolateral medulla, in the external formation of the nucleus ambiguus, and
diminished in the caudal pressor area. The nearly complete elimination of CGRP in the
lateral reticular formation after rhizotomy suggests this peptide is carried in primary
afferent fibers. Moreover, the arborization of CGRP immunoreactive fibers in these areas
mimics that of direct projections from the AEN. Since electrical stimulation of the AEN
induces cardiorespiratory adjustments including an apnea, peripheral vasoconstriction,
and bradycardia similar to those seen in the mammalian diving response, we suggest
these perturbations of autonomic behavior are enhanced by direct somatic primary
afferent projections to these reticular neurons. We believe this to be first description of
potential direct somatoautonomic projections to brainstem neurons regulating autonomic
activity.
Keywords: diving response, autonomic reflex, rostral ventrolateral medulla, caudal ventrolateral medulla, lateral
reticular formation, nasal mucosa, anterior ethmoidal nerve
INTRODUCTION
It is well known the trigeminal nerve innervates both cuta-
neous and mucosal epithelia in the head, as well as the muscles
of mastication. Most central projections of the three divisions
of the trigeminal nerve are confined to the trigeminal sensory
complex (Marfurt, 1981; Marfurt and Rajchert, 1991), but a
few primary afferent fibers project beyond this complex. For
example, the anterior ethmoidal nerve (AEN), a small nerve
of the trigeminal ophthalmic division innervating the anterior
mucosa and vestibule of the nose, has numerous extratrigem-
inal projections. While we have described the central projec-
tions of primary afferent fibers in the AEN of rodents to all
parts of the spinal trigeminal nucleus after intrathecal injec-
tions of an HRP cocktail (Panneton, 1991; Panneton et al.,
2006), we also detailed projections into parts of the reticu-
lar formation and parabrachial complex which were confirmed
recently by others (Hollandsworth et al., 2009; Cavanaugh et al.,
2011).
Innervation of the nasal mucosa is via free nerve endings from
small diameter fibers (Cauna et al., 1969), many of which con-
tain peptides, notably calcitonin gene-related peptide (CGRP)
and substance P (SubP) (Petersson et al., 1989; Silverman and
Kruger, 1989; Stjärne et al., 1989; Finger et al., 1990; Silver et al.,
1991; Spit et al., 1993; Matsuda et al., 1994, 1998) from trigem-
inal ganglion neurons (Silverman and Kruger, 1989; Ichikawa
et al., 1993; Matsuda et al., 1994; Schaefer et al., 2002). Most
of these fibers are sensory in function (Lucier and Egizii, 1989;
Wallois et al., 1991, 1992; Sekizawa and Tsubone, 1994, 1996),
and many respond as chemoreceptors (Lucier and Egizii, 1989),
creating the “common chemical sense” or chemethesis (Cain
and Murphy, 1980; Green and Lawless, 1991; Viana, 2011).
Moreover, such sensations, including pain, can be elicited from
stimulating the human nasal mucosa (Handwerker and Kobal,
1993; Thürauf et al., 1993; Cometto-Muñiz and Cain, 1997;
Cometto-Muniz et al., 1998, 2001; Hummel et al., 2003). In addi-
tion, it long has been demonstrated that stimulating paranasal
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areas induces autonomic adjustments (Angell James and de
Burgh Daly, 1972; McRitchie and White, 1974; Drummond
and Jones, 1979; Panneton, 1990; Gieroba et al., 1994;
Kratschmer, 2001) similar to those of the mammalian diving
response.
Indeed, stimulating the AEN electrically elicits profound alter-
ations in cardiorespiratory behavior, including an apnea, a dra-
matic bradycardia, and an increase in arterial blood pressure
(Dutschmann and Herbert, 1996, 1997, 1998a; McCulloch et al.,
1999a; Rozloznik et al., 2009). Nevertheless, the extratrigemi-
nal pattern of labeling we saw after transganglionic transport of
horseradish peroxidase (HRP) molecules in the AEN (Panneton,
1991; Panneton et al., 2006) is remarkably similar to fibers
immunoreactive to CGRP found in similar areas of normal rats.
We thus wished to determine if the CGRP and SubP found in cer-
tain areas of the reticular formation originates in primary afferent
fibers of the trigeminal nerve. The loss of fibers immunostained
for CGRP in such non-trigeminal reticular targets after unilat-
eral trigeminal rhizotomy suggest that direct reticular projections
of trigeminal primary afferent fibers, particularly those from the
AEN, are potential monosynaptic projections to reticular neurons
regulating heart rate, arterial blood pressure, and perhaps res-
piration. All of these automatic functions are modulated during
the mammalian diving response. We suggest further that signals
transmitted through these primary afferent projections coordi-
nate with those relayed from the medullary dorsal horn (MDH)
(Panneton et al., 2006) to induce themammalian diving response.
Parts of this data has been published in abstract form previously
(Panneton et al., 2005b).
MATERIALS AND METHODS
Thirteen adult (∼275–401 g) Sprague-Dawley male rats were
obtained commercially (Harlan, Indianapolis, IN) and used in
this study. All protocols were approved by the Animal Care
Committee of Saint Louis University and followed the guidelines
of the National Institutes of Health Guide for Care and Handling
of Laboratory Animals.
Rats were anesthetized with an intraperitoneal injection of
a mixture of ketamine/xylazine (60/40mg/ml) and placed in a
stereotaxic unit. The rat’s dorsal skin was incised on the cranium,
its temporalis muscle retracted laterally, and a 4 × 4mm win-
dow drilled into its left posterior parietal bone. After removing
the posterior cerebral cortex on one side by suction, the trigem-
inal root was visualized posterior to the trigeminal ganglion. A
hooked instrument was placed around the root, and the root
avulsed with a quick pull on the instrument. The wounds were
closed and the rats injected subcutaneously with buprenorphine
(0.1mg/100 gm). The rats were fed soft food for their 8–14 day
survival. Their blink reflex was tested postoperatively to insure a
complete transection was performed. Seven rats retained reflex
activity and are not included in data analysis while those with-
out a reflex were considered further. These rats were perfused
through the heart with a solution of 4% paraformaldehyde in
phosphate buffer (pH 7.3), their brains and trigeminal ganglia
extirpated, and stored in the refrigerator in the fixative with
20% sucrose. After at least 48 h, the brainstems and some gan-
glia were cut on a freezing microtome at 40µm and processed
for immunohistochemistry with antibodies against calcitonin
gene-receptor protein and SubP.
Every third section was washed three times with 0.1M PB
for 10min, and then in 0.1M PB with 0.3% triton for at least
5min. A series of sections were then processed immunohisto-
chemically overnight with antibodies against either CGRP(rabbit
anti-CGRP,1:20,000; ImmunoStar Inc., Hudson, WI, USA) or
SubP (rabbit anti-SubP, 1:20,000; ImmunoStar, Inc.) in buffer
with 0.3% triton on a shaker at room temperature. The follow-
ing morning, the sections were washed in PB with 0.3% triton
and incubated for 1 h in a solution containing goat anti-rabbit
immunoglobulin (Sigma-Aldrich Corp., St. Louis, MO, USA) at a
dilution of 1:400. The sections then were incubated in Vectastain
ABC Elite solution (1:200; Vector Laboratories, Burlingame, CA,
USA) for 1 h, washed in three rinses of PB, and reacted with
diaminobenzidine dihydrochloride (DAB) intensified with nickel
ammonium sulfate for 4–10min. Hydrogen peroxide (0.06%)
catalyzed the reaction. The sections were then rinsed, mounted
serially on gelatinized slides and air-dried. They then were coun-
terstained with Neutral Red, dehydrated in alcohols, defatted in
xylenes, and coverslipped with Permount.
Neurons and fibers immunoreactive to CGRP were visualized
with brightfield optics (Nikon E800) and photographed with a
digital camera (MicroImager II) and Northern Eclipse Software
(Empix, Inc.). Sections of CGRP staining both of whole sections
and individual fibers were drawn with a Nikon E600 microscope
and Neurolucida software (MicroBrightField, Inc.). Fiber length
of CGRP in the caudal pressor area (CPA) (Sun and Panneton,
2002), caudal ventrolateral medulla (CVLM), and rostroventro-
lateral medulla (RVLM) (Panneton et al., 2006) were drawn and
calculated from two sections/case (n = 5 cases) from both the
normal and rhizotomized sides. Fiber lengths were summed/area
and then averaged for both control and experimental sides; com-
bined length from the five cases yielded relative total length.
Photographs of older data showing the transneuronal transport
of an HRP cocktail applied to the AEN (Panneton et al., 2006)
are used to certify the similarity of these projections to those
fibers labeled with CGRP. The photomicrographs were standard-
ized using levels, brightness and contrast in Adobe Photoshop
CS2 software (v.9) and aligned in Adobe Illustrator software
(v.11) for figures. Composite pictures (Figure 1) of whole sections
were stitched using functions in Microsoft ICE (Microsoft Image
Composite Editor; open source/free—http://research.microsoft.
com/en-us/um/redmond/groups/ivm/ice/. All nomenclature and
abbreviations are from a stereotaxic rat atlas (Paxinos and
Watson, 1998).
RESULTS
Relatively subtle differences after rhizotomy were noted after
immunostaining for SubP when normal and experimental sides
were compared (Figures 1A–D). In the trigeminal sensory com-
plex, the immunoreactive fibers in the trigeminal tract were gone
on the side with rhizotomy, suggesting effective avulsion of the
trigeminal root. The principle trigeminal nucleus lost nearly all of
its few SubP reactive fibers in its dorsal half after rhizotomy. Pars
oralis of the spinal trigeminal nucleus, which had a dense aggre-
gation of label laterally near the tract and fibers with swellings in
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FIGURE 1 | Composite photomicrographs of brainstem sections cut
through caudal (A,E), intermediate (B,F,C,G) and rostral (D,H) parts of
the medulla comparing the distribution of immunolabel of substance
P (A–D) and CGRP (E–H) after a unilateral trigeminal rhizotomy.
Immunostaining of Substance P, with numerous central and peripheral
sources, was little diminished qualitatively after rhizotomy, but that of
CGRP, with fewer central neurons, showed up to a 93% reduction in
stained fibers after rhizotomy. Note the band of immunolabel seen in the
misplaced substantia gelatinosa between the MDH and subnucleus
interpolaris (F) is nearly eliminated after rhizotomy, while that in the CVLM
(F) and RVLM (G) is greatly diminished. We have shown previously
(Panneton et al., 2006) that primary afferent fibers contained within the
anterior ethmoidal nerve projects directly to all three areas. Arrows in (F,G)
point to immunolabel retained after trigeminal rhizotomy; such label mimics
the distribution of primary afferent fibers of the glossopharyngeal and
vagus nerves. Boxes in (E–G) mark areas from which the length of
immunolabeled fibers were quantified (Figure 4). Abbreviations: AP, area
postrema; CPA, caudal pressor area; CVLM, caudal ventrolateral medulla;
MDH, medullary dorsal horn; RVLM, rostral ventrolateral medulla; Sol,
nucleus tractus solitarii; Sp5I, subnucleus interpolaris of trigeminal sensory
complex; Sp5O, subnucleus oralis of trigeminal sensory complex; py,
pyramidal tract; 12, hypoglossal nucleus.
its dorsomedial subdivision on the normal side, also lost nearly all
label after rhizotomy (Figure 1D). Pars interpolaris of the spinal
trigeminal nucleus contained little label even on the normal side
(Figure 1C). The paratrigeminal nucleus near the obex lost some
intensity of the SubP immunostaining after rhizotomy, but still
appeared well-labeled. Similarly much SubP immunoreactivity
in laminae I, II, and V of the MDH was lost after root lesions
(Figures 1A,B), but some label always persisted. The immunore-
activity in the nucleus tractus solitarii was dense throughout
the length of this nucleus, but was unchanged after rhizotomy
(Figures 1A–C). It was difficult to detect consistent qualitative
changes in reticular targets, including the parabrachial nucleus,
RVLM, CVLM, and CPA, since these areas apparently receive
input from central as well as peripheral SubP neurons. However,
we noted that large SubP fibers leaving the ventral part of trigemi-
nal tract (similar to Figure 3H for CGRP) and entering the RVLM
were lost on the rhizotomized side, as well as a subtle decrease of
immunostaining surrounding the ambiguus complex rostrally.
Immunostaining for CGRP on the normal side contrasted that
for the rhizotomized, experimental side (Figures 1E–H), both in
the trigeminal sensory nucleus as well as the reticular formation.
Immunoreactivity in the spinal trigeminal tract was lost on the
experimental side after rhizotomy (Figure 2). CGRP immunos-
taining in the principle trigeminal nucleus on the normal side
was confined to bursts of meandering fibers in the dorsal half of
the nucleus as well as aggregations in its ventromedial tip and
along its medial border; both were completely lost after rhizo-
tomy (Figures 2J, 5G,H). Subnucleus oralis showed dense CGRP
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FIGURE 2 | Line drawings showing the loss of CGRP fibers in the
brainstem after unilateral trigeminal rhizotomy. The normal distribution
of CGRP is seen on the right side of these brainstem sections; note
its dense distribution in the spinal trigeminal complex, especially in the
medullary dorsal horn (MDH) and subnucleus oralis, as well as the CPA
(A,B), the CVLM (D,E), peri-ambiguus areas (D–F), the RVLM (F,G), and
the parabrachial complex (K). Trigeminal rhizotomy (left side of sections)
eliminated almost all fibers in the spinal trigeminal tract and most of
the label in the spinal trigeminal nucleus (see text), suggesting its
origin in primary afferent fibers with cell bodies in the trigeminal
ganglion. Importantly however, CGRP label was particularly diminished in
fibers in the lateral reticular formation (C–J) areas, also implicating its
source in the trigeminal ganglion. All of these reticular areas have been
implicated in autonomic function, especially in regard to cardiovascular
control. Abbreviations: Amb, nucleus ambiguus; Cu, cuneate nucleus;
Gr, gracile nucleus; IO, inferior olivary nucleus; LRt, lateral reticular
nucleus; MVe, medial vestibular nucleus; PB, parabrachial complex; PV,
principle trigeminal nucleus; SO, superior olivary complex; SpVe, spinal
vestibular nucleus; VC, ventral cochlear nucleus; bc, brachium
conjunctivum; g7, genu of the facial nerve; icp, inferior cerebellar
peduncle; mcp, middle cerebellar peduncle; 5, trigeminal motor nucleus;
7, facial motor nucleus; see Figure 1 for other abbreviations.
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immunoreactivity along its lateral border with the trigeminal
tract as well as more dispersed label in its dorsomedial subdi-
vision on the normal side (Figure 1H, arrow), but that in the
dorsomedial subnucleus was eliminated after rhizotomy while
that along its lateral border was diminished greatly (Figures 1H,
2I). Subnucleus interpolaris (Figures 1G, 2E,F) showed little
immunoreactivity on either the normal or experimental sides
of the brainstem. CGRP immunoreactivity in the paratrigeminal
nucleus was similar to that for SubP, robust label on the nor-
mal side and slightly diminished label on the experimental side
(Figure 2D). CGRP immunoreactivity in the MDH was robust in
laminae I, II, and V on the normal side, but most of this was gen-
erally lost after rhizotomy (Figures 1E,F, 2A–D); numerous fine
“dust-like” immunoreactivity was replaced by a sparser, coarse
granular reaction product. Dense fibers still were seen occasion-
ally however in lamina I, both dorsally and near the ventral tip
of the MDH after rhizotomy, as well as bursts in lamina V, espe-
cially near to the spinal dorsal horn. There was very little CGRP
immunoreactivity in the nucleus tractus solitarii rostral to the
obex on the normal side while that in its caudal half appeared
with similar intensity after rhizotomy. CGRP fibers in the dorsal
column nuclei were unchanged after rhizotomy.
This sharp contrast of immunostaining for CGRP in the lat-
eral medulla between the experimental and normal sides is best
seen in line drawings of sections through the lower brainstem
(Figure 2); note the almost total loss of CGRP immunoreactiv-
ity in the trigeminal sensory complex, CVLM and RVLM after
rhizotomy, and a substantial decrease in the CPA. Unilateral
trigeminal rhizotomy decreased CGRP immunoreactivity in the
CPA (Figures 2A,B, 3A,B) and almost eliminated immunore-
active CGRP fibers in the CVLM and RVLM when compared
to the normal side (Figures 2D–G; areas encircled for CVLM—
Figures 3D,E and RVLM—Figures 3G,H). Bands of fibers on
the normal side left the ventral part of the spinal trigemi-
nal tract and bifurcated in the RVLM (Figures 2F–H); larger
bundles went rostrally to surround neurons juxtaposed to
the nucleus ambiguus (Figure 3H; arrows), including its over-
lap with the facial motor nucleus (Figure 2H), while finer
fibers descended into a more ventral part of the RVLM
(Figures 2F,G, 5E).
FIGURE 3 | Photomicrographs of sections illustrating loss of CGRP
immunoreactivity in reticular areas after unilateral trigeminal rhizotomy.
Compare the distribution of CGRP fibers on the non-experimental side
(B,E,H; Normal) to fibers of the anterior ethmoidal nerve, a branch of the
ophthalmic division of the trigeminal, labeled after transganglionic transport
(C,F,I; Sensory AEN). Note the striking similarity of these two distributions.
The moderate amount of CGRP-labeled fibers in the CPA (B, outlined) was
reduced but not eliminated after trigeminal rhizotomy (A). However, that to
lateral parts of the caudal (D) and rostral (G) ventrolateral medulla were
diminished greatly save for random fibers (G, arrow), implicating that these
reticular projections of the trigeminal nerve contain CGRP. Also note the
projections of CGRP fibers to neurons surrounding the compact formation of
nucleus ambiguus (H, arrows) similar to those seen after transganglionic
transport in the AEN (I, arrows). Parasympathetic preganglionic cardiac motor
neurons activated during the diving response are distributed similarly. See
Figures 1, 2 for abbreviations. All figures are at same magnification.
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FIGURE 4 | Bar graphs illustrating the loss of immunostained CGRP
fibers in the medullary reticular formation after unilateral trigeminal
rhizotomy. The length of fibers was summed over several sections. Note
the marked reduction of fibers in the caudal pressor area (CPA), caudal
(CVLM), and rostral (RVLM) ventrolateral medulla after sectioning the
trigeminal root, suggesting a primary afferent source from the trigeminal
nerve of these fibers.
The character of CGRP immunoreactivity in the reticular for-
mation was found mostly in isolated stained fibers that showed
many “swellings,” allowing for easier quantification of fiber
length. Thus, labeled fibers in the CPA (boxed area in Figure 1D),
caudal ventrolateral reticular formation near the obex (CVLM;
boxed area in Figure 1E), and rostral ventrolateral reticular for-
mation (RVLM; boxed area in Figure 1F) were drawn from sec-
tions immunostained for CGRP and their length totaled for both
normal and rhizotomized sides of the brainstem. Quantification
of the length of stained fibers from these cases revealed signif-
icant differences (p < 0.001) between the two sides (Figure 4),
suggesting the source of CGRP fibers in these parts of the retic-
ular formation apparently arise almost exclusively from primary
afferent fibers in the trigeminal nerve. Moreover, the character of
CGRP immunoreactivity in the reticular formation is remarkably
similar to that labeled after transganglionic transport in sensory
fibers of the AEN. Note the similar disposition of these fibers
in the CPA (Figures 3B,C; encircled), the CVLM (Figures 3E,F;
encircled) and RVLM (Figures 3H,I; encircled).
Immunolabeled CGRP fibers were also noted near the external
formation of the nucleus ambiguus (Figures 2D,E, 5B, encircled),
the lateral parts of the parabrachial nucleus (Figures 2K, 5K;
encircled), and the more caudal projection to the RVLM on the
normal side. Most if not all of these fibers also were eliminated by
trigeminal rhizotomy (compare Figures 5A,B; D,E; J,K), suggest-
ing the soma of these fibers also are in the trigeminal ganglion.
Moreover, their similarity to extratrigeminal projections of the
AEN again is seen (compare Figures 5B,C; E,F; K,L), suggesting
their peripheral receptive fields are in the vestibule and anterior
mucosa of the nose.
DISCUSSION
It is well known that numerous primary afferent fibers contain
and utilize SubP and CGRP as neurotransmitters/modulators, but
few of these fibers project beyond primary relay centers in the
brain. Although density of SubP was not quantified, the quali-
tative appearance of immunoreactive fibers suggested there was a
decrease in immunostaining on the lesioned side within the lat-
eral medulla. The loss of CGRP immunoreactivity after rhizotomy
was more apparent in all structures studied in the lateral medulla,
however, and that in the lateral reticular formation was signifi-
cantly decreased compared to the non-lesioned side. Moreover,
when transganglionic transport of an HRP cocktail applied to the
AEN is compared qualitatively to that of CGRP in selected areas
of the lateral medulla, the resemblance is remarkable, suggesting
that many of these CGRP immunoreactive fibers may travel in
this nerve. The CGRP immunoreactive fibers in the lateral retic-
ular formation to the CPA, CVLM, RVLM, and para-ambiguus
areas are particularly noteworthy since neurons in these regions
significantly influence cardiovascular activity, and may be impor-
tant in directly influencing these neurons during underwater
submersion.
TECHNICAL CONSIDERATIONS
Trigeminal rhizotomies are seldom performed but can dener-
vate large areas of neuropil innervated by primary afferent fibers.
We waited between 1 and 2 weeks (8–14 days) after rhizotomy
since others using a rat model (Sugimoto et al., 1997) suggested
that most degeneration had occurred by this time. Unfortunately
Sugimoto et al. (1997) only had one rat surviving 2 weeks but
three rats surviving 1 week. In a cat model (Tashiro et al., 1991;
Stover et al., 1992; Henry et al., 1996) similar trigeminal rhizo-
tomies showed further progressive loss of immunoreactivity for
up to 60 days, suggesting the central nervous system may take
relatively long periods to ingest degenerating debris. Our results
describing degeneration of CGRP immunoreactive fibers in the
trigeminal sensory complex were comparable to other descrip-
tions after trigeminal rhizotomy (Tashiro et al., 1991; Bennett-
Clarke and Chiaia, 1992; Stover et al., 1992; Henry et al., 1996;
Sugimoto et al., 1997), with all studies reporting dramatic loss
of immunostaining in most parts of the trigeminal sensory com-
plex with sparing only in parts innervated by peripheral afferent
fibers from the facial, glossopharyngeal, vagal, and rostral cervical
nerves.
CGRP immunoreactive peripheral neurons emit unmyeli-
nated or thinly myelinated axons (Ishida-Yamamoto et al., 1989;
Yamamoto and Senba, 1990), and many studies implicate them
in pain behavior. Basbaum and colleagues (Cavanaugh et al.,
2011) have shown that transient receptor potential vanilloid-1
(TRPV1) ganglion cells, activated with nociception, are asso-
ciated preferentially with peptidergic neurons and account for
nearly all of the unmyelinated, peptidergic ganglion neurons in
the adult. Indeed, 73% of the trigeminal ganglion neurons in
their study were CGRP positive. We however emphasize the loss
of CGRP immunoreactivity in the lateral reticular formation of
the medulla since primary afferent fibers to this region may have
direct influence over autonomic activity, especially that regu-
lating cardiovascular behavior. Indeed, TRPV1 immunoreactive
fibers, associated exclusively with primary afferent fibers, also
are found in the lateral reticular formation (Cavanaugh et al.,
2011).
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FIGURE 5 | Photomicrographs of sections illustrating loss of CGRP
immunoreactivity in the lateral brainstem after unilateral trigeminal
rhizotomy. Compare the distribution of CGRP fibers on the non-experimental
side (B,E,H; Normal) to fibers of the anterior ethmoidal nerve, a branch of the
trigeminal, labeled after transganglionic transport (C,F,I; Sensory AEN). Note
the striking similarity of these two distributions. The CGRP-labeled fibers
juxtaposed to nucleus ambiguus (B, encircled; Amb) includes the external
formation of Amb where preganglionic cardiac motor neurons are found.
Moreover, CGRP-labeled fibers in the ventral RVLM (E, encircled), where C1
adrenergic neurons are located, match the distribution of primary afferent
fibers carried in the AEN (F, encircled). Extratrigeminal primary afferent fibers
to the parabrachial complex (L, encircled) also match those in normal tissue
for CGRP (K, encircled). Nearly all such fibers are lost after trigeminal
rhizotomy (A,D,J), suggesting the trigeminal origin of CGRP fibers to these
nuclei. The principal trigeminal nucleus (Pr5) possesses a tight somatotopy;
note the aggregation of CGRP immunoreactive fibers in its ventromedial tip
(H; encircled) is lost after rhizotomy (G). Also note its disposition mimics that
of the anterior ethmoidal nerve (I; encircled). Areas encircled (A–C), as well
as those marked with ovals (D–F; G–I; K–L) mark similar areas of the
brainstem. All figures but I and J are of similar magnification.
PEPTIDES IN THE TRIGEMINAL SENSORY COMPLEX
We chose to look at the immunoreactivity to SubP and CGRP in
the lateral medulla after trigeminal rhizotomy since these pep-
tides are prominent in primary afferent fibers. While the more
subtle loss of SubP after such rhizotomies was difficult to quan-
tify, the loss of CGRP immunoreactivity was more demonstrable.
The right and left brainstem sections immunostained for either
CGRP or SubP were compared following unilateral trigeminal
rhizotomy. After an 8–14 days survival, immunostaining staining
for these peptides in the trigeminal sensory nucleus was greatly
decreased/eliminated in the spinal trigeminal tract, lamina I, II,
and V of theMDH, the subnucleus oralis and principal trigeminal
nucleus, substantiating that described following similar rhizo-
tomies reported earlier in rats (Sugimoto et al., 1997) and cats
(Tashiro et al., 1991; Bennett-Clarke and Chiaia, 1992; Stover
et al., 1992; Henry et al., 1996).
There are numerous neurons containing SubP both in periph-
eral ganglia as well as the central nervous system, thus discussing
changes in immunoreactivity to SubP after rhizotomy is moot.
More ganglion cells contain CGRP than SubP however, and SubP
www.frontiersin.org June 2014 | Volume 8 | Article 136 | 7
Panneton and Gan Sensory trigeminal projections into the reticular formation
and CGRP are co-localized in numerous ganglion cells. Moreover,
CGRP is less abundant in central neurons than SubP despite its
presence in primary somatosensory relay nuclei and in motor
neurons (Kruger et al., 1988), making statements about sensory
denervation more compelling. While much CGRP immunos-
taining in the trigeminal sensory complex was eliminated with
trigeminal rhizotomy, several parts retained immunoreactive
CGRP fibers. For example, CGRP reactive fibers persisted in lam-
inae I and V near the spinomedullary border. These fibers prob-
ably arose from rostral cervical dermatomes that overlap in the
MDH (Stover et al., 1992; Sugimoto et al., 1997); Panneton et al.
previously have noted primary afferent fibers to these laminae
provide only a blurred somatotopy at best (Panneton and Burton,
1981; Panneton, 1991; Panneton et al., 2005a, 2006, 2010c) since
numerous peripheral targets provide projections to similar areas
of neuropil. Primary afferent fibers in the glossopharyngeal and
vagus nerves also invade superficial neuropil of the rostral MDH
(Panneton, 1991), including the paratrigeminal nucleus, as well
as laminae I and V. Such overlap substantiates that seen in the
caudal MDH and spinal dorsal horn, again blurring somatotopy
within these laminae. We suspect that these projections main-
tained immunoreactivity against both CGRP and SubP in the
paratrigeminal nucleus and selected parts of lamina I of theMDH
after trigeminal rhizotomy.
Loss of CGRP immunoreactivity after rhizotomy in two
trigeminal areas particularly emphasize the presence of CGRP
in the AEN. Aggregations of CGRP in the ventromedial aspect
of the principle trigeminal nucleus (Figures 5G–I) are somato-
topically similar to those seen after transganglionic labeling in
the AEN (Panneton et al., 2006). Indeed, if one believes a pre-
cise somatotopic representation exists in the trigeminal system
(e.g., Belford and Killackey, 1979;Waite and De Permentier, 1991;
Melzer et al., 1994; Erzurumlu et al., 2010) such overlap predicts
unity. Moreover the extensive loss of CGRP immunolabeling in
themisplaced substantia gelatinosa of theMDH (Figures 1F, 2D),
where AEN fibers terminate, also suggests that numerous fibers
within this nerve contain CGRP.
PEPTIDES IN THE LATERAL RETICULAR FORMATION
Of more interest to us however, was the near total loss of
CGRP fibers in reticular areas, including the RVLM, CVLM,
peri-ambiguus area, and the parabrachial nucleus. This sug-
gests these latter areas in the reticular formation are innervated
directly by primary afferent fibers of trigeminal origin. Numerous
fibers immunoreactive to CGRP innervate the nasal mucosa
(Petersson et al., 1989; Silverman and Kruger, 1989; Stjärne et al.,
1989; Finger et al., 1990; Silver et al., 1991; Spit et al., 1993;
Matsuda et al., 1994, 1998) which is supplied in part by the
AEN. The character of CGRP in these reticular areas mimics
the central projections of the AEN, and we suggest that this
nerve is the origin of many CGRP immunoreactive fibers in
these reticular areas. Indeed, CGRP immunoreactive peripheral
neurons emit unmyelinated or thinly myelinated axons (Ishida-
Yamamoto et al., 1989; Yamamoto and Senba, 1990), similar to
the composition of fibers in the AEN (McCulloch et al., 1999a)
supporting our assertion. Moreover, CGRP has been shown
to augment reflex activity (Xu et al., 1990; Wiesenfeld et al.,
2006) and electrical stimulation of the AEN induces cardiores-
piratory responses similar to the diving response (McCulloch
et al., 1999a) It would be interesting to determine if ablation of
TRPV1 central terminals by intrathecal injections of capsaicin
would eliminate the cardiovascular sequelae of AEN stimula-
tion similar to the loss of behavioral responses (Cavanaugh
et al., 2009) seen after its intrathecal application in the
spinal cord.
COMPARISON OF RETICULAR PROJECTIONS WITH THOSE
OF THE AEN
The present data suggests that many of the reticular projec-
tions of the trigeminal nerve are CGRP positive, and that these
reticular projections highly correlate with the subset provided
by the AEN. The AEN is relatively unique among peripheral
nerves since its electrical stimulation induces dramatic changes in
autonomic rhythmicity including an apnea, drastic reduction in
heart rate, and increases in arterial blood pressure (Dutschmann
and Herbert, 1996, 1997, 1998b; McCulloch et al., 1999a,b;
Rozloznik et al., 2009), responses which mimic those of the
mammalian diving response (Panneton et al., 2010a,b, 2012,
2014), a collective of somatoautonomic reflexes aimed to pre-
serve intrinsic oxygen stores (Panneton, 2013). We recently have
shown that numerous cardiac motor neurons activated by diving
reside in the RVLM, especially surrounding the compact for-
mation of the nucleus ambiguus (Panneton et al., 2014). The
appearance of a dense plexus of trigeminal primary afferent
fibers immunoreactive to CGRP projecting into similar loca-
tions resemble those of the AEN (Figures 3G–I); we suggest
these fibers offer direct somatoautonomic projections to cardiac
motoneurons. Fewer cardiac motoneurons found more caudally
were activated by underwater submersion, but those double-
labeled were usually found in the external formation of nucleus
ambiguus. It was striking that fibers both immunoreactive to
CGRP and sensory from the AEN also project to similar areas
(Figures 3D–F, 5A–C).
We have shown previously that neurons just caudal and ven-
tral to the compact formation generate descending projections
to sympathetic preganglionic neurons and promote vasocon-
striction, resulting in increased arterial blood pressure after
nasal stimulation (McCulloch et al., 1999a,b). Immunoreactive
CGRP fibers, probably from the AEN (Figures 5D–F), project
to similar neuropil where both catecholaminergic and non-
catecholaminergic neurons are activated by underwater sub-
mersion (Panneton, 2013); we suggest these fibers provide
direct somatoautonomic projections to RVLMneurons regulating
blood pressure, especially during diving.
A recent report however showed the AEN is not prerequi-
site for initiation of the diving response in awake voluntarily
diving rats, nor in those anesthetized and stimulated nasally
(Chotiyanonta et al., 2013), results which differ from their pre-
vious report (Rybka and McCulloch, 2006). While our laboratory
has emphasized the AEN is important in the diving response, we
have never stated this nerve is prerequisite for the diving response
to occur. While McCulloch et al. argue that plastic changes occur
days after previous bilateral axotomy of the AEN, only a few
ganglion cells die after such lesions in adults (Aldskogius and
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Arvidsson, 1978; Tessler et al., 1985; Rich et al., 1987) and few
changes in their central distributions are seen with the light
microscope (Sugimoto and Gobel, 1982; Rodin et al., 1983) but
some ultrastructural changes may occur (Aldskogius et al., 1985).
We saw no regeneration of CGRP in either the reticular forma-
tion or trigeminal sensory complex up to 14 days post-rhizotomy,
similar to others with even longer survival times (Tashiro et al.,
1991; Stover et al., 1992; Henry et al., 1996), but some CGRP
filled growth cone-like enlargements in the severed roots have
been noted (Henry et al., 1996). While these incongruent results
for anesthetized rats stimulated nasally could be explained some-
what by the radical change in doses of anesthesia between these
two studies (Rybka and McCulloch, 2006; Chotiyanonta et al.,
2013), the retention of the diving response after AEN section is
similar to data collected in our laboratory (unpublished) even in
unanesthetized decerebrate rats.
The AEN innervates only the anterior part of both the septal
and lateral walls of the nasal mucosa; posterior mucosa is inner-
vated by small branches emanating from the nasociliary nerve and
maxillary division of the trigeminal nerve. Thus, these posterior
branches are still intact after sectioning the AEN and potentially
could provide input into the CNS to elicit the cardiorespiratory
responses during nasal stimulation. Indeed, the dorsal aspect of
themisplaced substantia gelatinosa in the rostral MDH, where the
maxillary division projects, receives projections from the infraor-
bital nerve of this division (Panneton, 2013) and could explain
results of a previous study (McCulloch et al., 1997) where large
injections of amino acid receptor antagonists were placed in the
dorsal caudal part of subnucleus interpolaris. In these studies
the cardiovascular changes to diving were attenuated but not
eliminated.
The maintenance of the diving response in awake behaving
rats after AEN section also implicates other paranasal nerves, but
probably negates those innervating posterior nasal mucosa since
McCulloch and colleagues (Chotiyanonta et al., 2013) provided
no indication that the voluntarily diving rats with axotomized
AEN’s inhaled water over their posterior nasal mucosa during
underwater submergence. We suspect filaments of the infraor-
bital, superior alveolar and nasopalatine nerves (plate 38; Netter,
2003), from the maxillary division and innervating the anterior
nasal mucosa, are likely candidates for maintaining the cardiovas-
cular adjustments to diving. Thus, although the AEN is important
for diving physiology, it is not necessary for this basic reflex to be
induced. Although it has been suggested that cetaceans and pin-
nepeds with their expanded neocortices may voluntarily control
these autonomic parameters with “will” (Panneton, 2013), the
maintenance of the response in the lissencepahlic rat after AEN
section remains an enigma.
The present study however shows that direct primary affer-
ent projections from the trigeminal nerve invade reticular areas
where bradycardia and increased peripheral resistance is gener-
ated during underwater submersion. We believe this provides
the first instance of a reflex loop bypassing traditional somatic
relay nuclei, and implicates the diving response and its respective
reflexes as special among reflexes in general. This data fortifies our
assertion that the diving response is the most powerful autonomic
reflex known.
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